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EXPERIMENTAL EVIDENCE OF SUSTAINED COUPLED LONRGITUDINAL
AND LATERAL OSCILLATIONS FROM A ROCKET-PROPELLED MODEL
OF A 35° SWEPT WING AIRPIANE CONFIGURATION

By James H. Parks
SUMMARY

A rocket-propelled model of a representative 550 sweptback wing
alrplane design has been flight tested at high subsonic Mach numbers to
investigate the possibility of the existence of coupled longitudinsl and
lateral motions. The model contained pulse rockets arranged to produce
impulses in yaw. The flight time history is presented herein with same
semiquantitative analysis.

The data Indicate the existence of sustained longitudinal motions
of appreciasble amplitude forced by lateral osclilstlions. These longil-
tudinal motions had twice the frequency of the latersl oscillations and
are shown to be the result of aserodynamic moments due to sidesllip and
inertial cross coupling.

Feedback of the longitudinal motions into the latersl character-
istics through further inertisl cross coupling is shown. The roll char-
acteristics are indiceted to be the predominant influence in the inertial
cross coupling.

INTRODUCTION

The concept of a pltching moment arising from a change in sideslip
angle due to changes in flow conditions at the horizontsl tail has been
recognized for some time, and its effect 1s noted in reference 1. Other
investigations (ref. 2, for example) have indicated the possibility of a
more complex pltching moment arising from inertial coupling of yawing and
rolling velocities. Recent rocket-model investigatlons have tended to
confirm this possibllity.
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To ascertalin some ldea of the character and nature of these coupled
longitudinal snd lateral motions, the Lengley Pillotless Alrcraft Research
Division launched a rocket model of a representative 35° swept wing air-
plane equlpped with pulse rockets arranged to produce disturbances in yaw.
Thls preliminary model contained only the minimum instrumentation neces-
sary ‘to record such motions; consequently, results are presented as
experimental evidence of sustalned coupled longitudlnal and latersl
motlons wlth some observetions and semlguantitstive analysis.

SYMBOLS
M Msch number
v velocity, ft/sec
W weight, 1b
S wing area, sq £t
b wing span, ft
c mesn aerodynamic chord of wing, ft
g scceleration due to gravity, ft/sec2
an normal scceleration, f£t/sec®
&y lateral acceleration, ft/sec2
8, longltudinal acceleration, £t/sec?
Cy normal-force coefficient, -s‘iq- :;3
Ceo chord-force coefficient, - -‘-Sw_q_ %’-
Cy glde-force coefficlent, .E‘!I_q_ %
Cy, 1ift coefficient, Cy cos o - Cg sln o
Cp drag coefficient, Cp cos o + Cy sin o
Cm pltching-moment coefficient

A,
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yYawing-moment cocefficient
dynamic pressure, O.TpME, 1b/sq £t
local static pressure, 1b/sq £t
flight time, sec

inclination of principal longitudinal asxis with respect
to the fuselage center line, deg

inclination of principal longitudinal axis with respect
to £flight path, deg

angle of attack, deg or radians
angle of sideslip, deg or radians

maximm angle of sideslip for particular oscillations,
deg

inclination of X-axis to horizontal, radiens
angle of bank, radians

angle of yaw, rediasns

flight-path angle, radians

moment of inertia about principsl longitudinel axis,
slug-£t2

moment of inertls sbout principal lateral axis, slug-ft2

moment of inertie sbout principal verticel axis,
slug-ft2

moment of Ilnertis about X-sexis,

I
o o2 be cos 1 + Zo sin 7,

moment of inertis about Y-axis, Iy , slug-£t°

moment of inertis ebout Z-axls,

I cos I i
5 ZO n + XOSIJ.T],

slug-ft

product of i1nertis, -(IZo - Ixo) sin n cos 1, slug—ft2
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X force along X-axls, 1b

Y force along Y-axis, 1b

Z force along Z-axis, 1b

L rolling moment, £t-1b

M pltching moment, £t-1b

N yawing moment, £t-1b

c;., é, é, wl'r, qJ rotational wvelocity; for exsmple, 0 = g—:, ra.dian.s/sec

e e .. e dae

9, ¥, o rotational accelergtion; for example, ==

ra.d.ia.n.s/sece e
R | (cfu _ Cmg, + Gm3\/ 1
2 \m' Iy'  /\5T-3

w forelng frequency

ay neturael frequency of the model, - i‘& - C]'.ucme 1
I'r' m'Iy' 57.3

k constant factor used toc define a parabolic distribu-

tion of aerodynsmic piltching moment with 8

CIbn’ Cm&, Cmé: cmu rete of change of aerodynsmic forces and maments
with respect to subscripts; for example,

- 96
“e " &

m mass of the model
m' Yy

qS
Iy’ x

gst
R Reynolds numbers, based on &
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MODET, AND APPARATUS

A three-view drawlng of the model is shown in figure 1 and the
geametric and mass cheracteristics are tebulated in table I. Fhotographs
of the model are shown as figure 2. Detells of the construction of this
type model ard the basic test technique are discussed in reference 3. A
discussion of the pulse-rocket technlque is presented in reference k.,
Tocations of the pulse rockets are indicated in figure 1 and one exhaust
port is evident in figure 2(a).

The model contained a six-channel telemetering installstion whiech
transmitted continuous records of normsl, transverse, and longitudinal
accelergtions, angle of attack, engle of sideslip, and total pressure.
Tracking radar and radiosonde data were used to obtaln local statie
pressure during flight.

It ie believed that the errors with this type lnstrumentation are
primerily systematic in nabure and the absolute levels are within 10.007
in Cr, £+0.008 in Cy, and #0.003 in Cp &t M = 0.80. Incremental
values or slopes and variations with Mach mumber of the various quanti-
tles should be more sccurate than the absolute values. In general, the
individual instruments had nstural frequencies of the order of 120 cps
and demping ratios of 0.7. The accuracy of the combined « and B
instrument is not completely known; however, similar vane-type instru-
ments sensitive to angle of attack only have been shown to be accurate
t0 about 0.3°. The Mach number 1s believed correct within 0.02.

The messurements made to determine the inclination of the principal
longitudinel axis wlth respect to the fuselage center line are not con-
sidered accurate encugh to determine velues of less than 1°. Therefore,
the value of € = 0° shown in table I probebly is some small negative
angle of less than 1°.

RESULTS AND DISCUSSION

The axls system used in this discussion 1s shown in figure 3. The
positive directions of forces, moments, and angles are Indicabted in the
figure. Time histories of Mach number, dynamic pressure, and Reynolds
number are shown in figure 4. Angle of abtack, angle of sideslip, 1lift
coefficlent, side-force coefficlent, and a drag coefficlient are shown
In figure 5 as & function of flight time. As noted in the figures, the
normal accelerometer recorded only positive values and, thus, no negative
lift-coefficient values are avalilable below approximetely -0.02.
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Although no measurement of the rolling velocity of accuracy compa-
rgble to that of the telemetered date was made, special radio equipment
was employed to provide an order of masgnitude of the rolling velocities
encountered. These data are shown in figure 6. The rolling velocity
of approximately +10 radiens per second with periods of the order of
0.5 second lndicates that the model reached bank angles of approxi-
mately 1500. The order of magnitude of these bank angles was verified
by the motion-picture history of the flight.

It should be emphasized here that the phase relationships between
the lateral motions are quite important in the analysis of the total
motion and cannot be determined from the data avallable with sufficient
accuracy. Thus, & direct anslysis of the record is virtuslly impossible.

The initial longitudinal disturbance (fig. 5) near t = 3.0 seconds
is complicated by the firing of the first pulse rocket before the sus-
talner rocket motor burmed out. At sustaelner motor burnout, a longl-
tudinal osclllation was induced by a change in trim because the thrust
line was not through the model center of gravity; thus, the o and
Cy, values mear t = 5.0 seconds cannot be interpreted as resulting

solely from coupled motion.

The Dutch roll motion, as indicated by the sldeslip oscillations,
is poorly damped throughout the flight and sppesrs dynamically unstable
in the time interval t =~ 3.6 to t = 5.0 seconds. These trends are
in genersl sgreément with the results of reference 5 wherein dynsmic
lateral instgbllity is indicated for seversl flight conditions. The
lateral stability charscteristics of similar configurstions have been
dealt with extensively in references 5 to 8 among others and it is beyond
the scope of this report to analyze the contributing factors to these
characteristics.

Aerodynamic Pitching Moment Due to Sideslip

The frequency relationship shown between o and B (period of a
is one-half the period of B) is considered characteristic of the concept
of coupled motions arising from changes in flow conditlons of the hori-
zontal tall since a longitudinal response to sideslip should he inde-
pendent of the directlon of sideslip. This effect is clearly shown by
the wind-tunnel data of figure 7. Obviously, the shape of this curve
will be somewhat altered at higher Mach numbers and different angles of
gttack; however, for the present dlscusslon, an extrapolation of these
data is not considered necessary.



NACA RM L54D15 SN T

The longitudinal stability data of reference 9 and the longitudinal
trim data of reference 3 were used ln conjJunction with the data of fig-
ure 7 to spproximste the angle-of-attack response by assuming
B = Bpay Sin at and Cy(B) = kp=. When this forcing function is

used in the ususl two-degrees-of -freedom longitudinal equation in the
kB, Csinust
II’

angle-of ~attack response will be

, 1t may be shown that the steady-state

form & + 2ac + @@ =

KPmgx> (1 . sin 2{(wt + 8) _
2Ty’ 1%2 [(%2 ] %2)2 .1 68.2&2-! 1/2

o = Qppgy +

Wwhere

7= %—tan'l (ah?h;wmmz)

Values of a responses computed by this method are compared with
representative flight values in figure 8 at flight times where the angle-
of -sideslip variation may be reasonsbly approximated by a sine wave. The
forms of the angle-of-attack responses are quite comparable in both the
computed and actual casges. While the continuous changes in sltitude and
Mach number introduce changes in the aerodypamic forces and moments con-
sidered as constants in the above equations (see refs. 5 and 6), these
aerodynamic varlations are not comsidered powerful enough to produce the
differences shown which are most noticeable as appesrent lrregularities in
the recorded angle of sttack.

Applications of the Eguations of Motion
Including Tnertial Cross-Coupling Terms

It is important to note the rapld lncrease in o between t = 3.5
and t =~ 4.1 seconds (fig. 5). The incremental angle of attack is
approximately doubled in two cycles of the relatively constant amplitude
yawing oscillation. Also the rate of roll (fig. 6) indicates a decided
increase at these flight times. Subsequent to the buildup in a,
nonlinearities gppear in the latersl parameters B eand Cy. Thus, it
appears that the nature of the coupling 1is posslibly dependent upon other
factors in sddition to the sldeslip.

Further explanstions for these coupled motlons may be found by
examination of the equations of motion for the six degrees of freedom in
nontinear form. These equations have been developed by various aguthors
(ref. 2, for example) and may be expressed as follows:
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mv [(%) + ab - ﬁﬂr] =X (1)

mv(B + ¥ - ad) = Y (2)
wv(s + 8§ - 8) = Z (3)
Ty + (IZ - IY)éq'r - I (¥ + 98) = L (%)
I 6 + (IX - IZ)&;\& - IXZ(q}a - &;2) =M (5)
IV + (IY - Ix)é&; - IXZ(E;S S &) =x (6)

Note particularly the inertial terme in equations (5) and (6) which may
become appreclable 1f Iy and Iy are large relative to Iy. These
terms become particularly important where large roll rates are lnvolved
gince ¢ 1s & common factor in three terms and @ gppears in the
fourth. In equation (5), it is indicated that a pitching motion mey be
forced by a pure Dutch roll motion through inertiel coupling.

These conditions are fulfilled in the present tests; that is,
Iy = Iy >> Iy (ta.ble I) and high roll rates are indicsted in figure 6.

Typical values of the basic rotational velocitles are shown in
figure 9 at £light times where these values are near maximums. These
data were determined as follows: =& + ¥ where a 1is from differ-

. CyrgS
entiation of angle-of-attack—time data and ¢ = 'i% s J was computed

by differentistion of angle-of- sideslip—time date and using the assump-
tion W —B, and the date of figure 6 were faired to obtaln a contin-
uwous . It 1s readily apparent fram the relative magnitude of these
velocltles that the roll rate is the predominant factor and should be
known at least as sccurately as the other data.

These velocities were used to campute the cross-coupling inertial
forcing functions which are shown in figure 10. The terms IXZ* and.

Ixzé\fr are omitted because G- >> Y- and § >> 6¢. Included in the

pitching-moment summation is the serodynamic moment arising from sldeslip
a8 discussed previously.
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For the longltudinsel case, it 1s shown that the inertial moments are
of epproximately the same frequency, but of opposite sign from the aero-
dynamic moment due to sideslip, with the (IX - Iz)¢¥ term generally
having twice the amplitude of the Iyxy¢° term. The sumation of ell
three terms indicates an input generally having the form of Brax sin{2wt)
similar to that indicated for the aserodynemic term alane, but of con-
siderably greater magnitude.

For the labteral case, the inertisl terms generally are of the same
order of magnitude but wlth the IXZc'p' term effectively leading the

( Ty - Iy)0¢ term. The sumation of the two effects indicates & yawing
moment generally having the form of B . sin(3wbt) and of larger ampli-
tude than elther of the contributing effects.

Hermonic Anslyses of the Responses

The foregoing concepts can be further studlied by harmonic analyses
of the responses. The twelve ordinate scheme of harmonic analysis was
used to determine the predomlnant frequenciles contained in the angle-of-
gttack and angle-of-sideslip data.

The Fourier serles representing the angle-of-attack dsta was calcu-
lated to be

¢ = -1.71 - 0.30 sin(at - 85°) + 2.40 sin(2wt + 79.2°) -
0.38 sin(3wt - 64.80) + 0.13 sin(hat - 18°) +
0.08 sin(Set + 45°) + 0.05 sin(6at - 90°)

This equation is represented graphicglly in the top plot of fig-
ure 11. Only the first three harmonicse are shown, since by inspection
they are of primary importsnce. As indicated previously, those Inputs
having a frequency of 2wt saccount almost entirely for the angle of
attack. It may be of interest to note that as shown by the con-
stant -1.71l, the aversge effect of the varlous pitching moments is to
induce an effective change in trim of about -1.2° since the longitudinal
trim alone was determined as sbout -0. 50 fram reference 3.

The Fourler series representing the angle of sideslip was calculated
to be

B = 0.12 - 7.57 sin(wt + 58.2°) + 0.88 sin(2wt + 52.4°) +
0.90 sin(3wt - 48.2°) + 0.12 sin(hwt) + 0.08 sin(Sat + 60.5°) -
0.03 sin(6ut + 90°)
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As in the longitudinal case, the flrst three harmonlcs are represented
graphically. (See middle plot of fig. 11.) The angle-of-gideslip oscil-
lation is composed slmost entirely of the fundamental harmonic. The
shape 1s distorted by the second and third harmonics which are approxi-
mately equal In magnitude. It would be deduced from the basic nonlinear
equations thet the inertlal yawing moments would have the form of
sin(3wt). The presence of an appreciable second harmonic is believed
indicative of the fact that these inertial terms are not true third
harmonics of the fundamental frequency.

The third harmonic 1s more easily ldentified in the side~force data.
The respective Fourler series is

Cy = 0.012 + 0.067 sin(wt + 71.9°) + 0.00k sin(2wt + 63.5°) +
0.016 sin(3ut + 75.9°) + 0.001 sin(hwt) + 0.003 sin(Sat + 90°) +

0.001 sin(6wt + 90°)

The first three harmonics of these data are shown in the bottom plot of
figure 11 where obviously the first and third harmonics are predominant.
The third harmonic represents the o contribution as shown in equa-
tion (2).

Response to Total Pitching Moment

Since the harmonic anslysis indicates that the angle-of-attack
response 1s primsrily a second harmonic of the lateral oscilletion, the
regsponse to a pltching moment having the form suggested in figure 11 and
the amplitude indicated by figure 10 was computed using the two-degree-
of -freedom longitudinsl equations presented earlier. The results are
compared with the actual response in figure 12. The agreement is con-
sidered very good comsildering the approximstions used.

Exsmingtion of Roll Equation

It is interesting to note that the rolling veloclty is probably |,
relatively unaffected by inertial cross coupling. The term (IZ - IY)ew

in equation (4) should be small because Iy ~ Iy (table I) and both ¥
and © are much smaeller than ¢. Also, 1n the product-of-inertia

term, (¥ + ¢8) 1s small in comparison with § or ¢ .
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General Remarks

While no direct evidence 1s available, it is believed worth some
conjecture concerning the bulldup in loads. If the resonant frequency
in pitch approaches twice the resonant frequency in sideslip, which was
true in the present tests, 1t appears that prohibitive 1ift loads may
develop rapidly during latersl maneuvers. It should be emphasized that
a major portion of these losds occurs as a result of velocities and thus
large amplitude displacements might be tolerated if the periods of the
laters]l motions are sufficlently long.

CONCILUDING REMARKS

From the £light tlme history of a rocket-propellied model of a repre-
gentative 35° sweptback wing airplane, 1% is indicated that coupled
longitudinal motions were exclted and sustained by pure lateral oscilla-
tlons. The resulbting longitudinal motions had twice the frequency of the
latersl oscilllations and rapidly developed 1ift loads of appreciable
magnitude.

The longitudinal moments are abtribubted to two sources, serodynamic
moments due to sideslip and inertial cross coupling. The roll character-
istics are indicated to be the predominsting influence in the inertial
cross-coupling terms.

At the higher pitching rates, irregularities in the lateral data
are noted. These changes are shown to be consistant with the inertiel
cross-coupling terms in the yawing-moment end slde-force equations.

Tangley Aeronautical Laborsbory,
Netional Advisory Committee for Aeronsutics,
Langley Field, Va., March 31, 195k.
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TABLE T

MODEL GEOMETRY AND MASS CHARACTERISTICS

Wing:
Root airfoil section (normal to 0.30 chord). . . . . . . NACA 63-010
Tip airfoil section (normal to 0.30 chord) . . . . . . NACA 6371-012

Total area, sq £t . . . . . . 2.97

Taper rablo .« o ¢ o ¢ & e ¢« ¢ o o a « « o o« ¢« s ¢ s s o« o o« o 057
Aspect ratio . . . . . ¢ 4 4 o e 4 . . s e e s s e e o o s o 357
Sweepback at 0.30 chord, deg « « « « « « 2 o « ¢« « ¢ « « ¢« « &« 25.0
Incidence at fuselage center 1ine, deg . « « « « ¢« « o o o« « & 3.0
Dilhedral, deg .« « o« « ¢ « . e e« o e ¢t & o s &8 8 2 & s o o« o =3.0
Geometric twist, deg « « ¢ ¢ & ¢ ¢ ¢ o e s e e e e s e e o o = 0
Horizontel tall:
Alrfoil section (normel to 0.30 chord) . « « . . . NACA 63-010

Total area, sq £&t .
Taper ratio . . . .
Sweephack, deg .
Aspect ratio . .
Dihedral, deg .

Geometric twist, de

g
Vertical tail:

Airfoil section (mormsl to 0.30 chord) . . . . NACA 63-010

Total area (to fuselage center 1ine), sq_ft e e e s s e e e s 094
Taper ratio . . . . o . . . e e s s« a a s o a o« a o« s 0.30
Aspect ratio (based on double span) . T 1 4
Sweepback at 0.30 chord, AEE « « « « « « o o « s « o o« ¢« « o » L9
Welght, 1D &« ¢ o o « o o o o o o s s a s« s s s o s o o« o o o o« » 56.56
Center-of-gravity location, percent T « « o o &« « « & . o o lh.2

IXO’ Sl‘u.g-'fta e » & o e & e s @ o e 8 e e e © o @ o e & o = O . 26
IY ] Slug—fte « e ¢« & & a a e @ a *« & & @ & e o s e e e s 3 L] ﬂ
IZo’ Slug—fta . - . L . . - L] . = L . . - - - . . L] . . - L . . 3 . 86

¢ (referred to fuselage center 1line), deg .« « « « « « o o« o o =« 0]
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(a) Model alone.

Figure 2.- Photographs of the model.
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(b) Model plus booster in launching position.

Figure 2.~ Concluded.
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Figure 3.- The stability system of axes. Arrows indicate positive
directions of moments, forces and angles. The origin is at the
center of gravity.
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Figure 5.- Concluded.
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Figure 6.~ Rolling velocities as indiceted by specisl radio equipment.
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Figure 7.~ Static variation of pltching-moment coefflicient with angle
of sideslip from wind-tunnel tests. M = C.1L7; Cg 1m " 0.36;

a = 4,259 1, = -1.42°.
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(a) Flight time near 4.2 seconds.
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(b) Flight time near 10.2 seconds.

Figure 8.- Comparilsons of actual and computed dynamic responses in angle-
of-attack to angle-of-sideslip veriations.
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FPigure 9.~ Rotational veloclties at a representative flight time.
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() Pitching moments.
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(b) Yawing moments.

Figure 10,- Inertial cross-coupling moments st a representative flight time.
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Figure 11.- Harmonic anelyses of typical data.
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Flgure 12.- Comparlson of computed and actual angle-of-attack responses
to total cross-coupling moments.
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